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ABSTRACT 

Combinatorial strategies offer the potential to generate 
and screen extremely large numbers of compounds and 
to identify individual molecules with a desired binding 
specificity or pharmacological activity. We describe a 
combinatorial strategy for oligonucleotides in which the 
library is generated and screened without using 
enzymes. Freedom from enzymes enables the use of 
oligonucleotide analogues. This dramatically extends 
the scope of both the compounds and the targets that 
may be screened. We demonstrate the utility of the 
method by screening 2'-OMethyl and phos- 
phorothioate oligonucleotide analogue libraries 
Compounds have been identified that bind to the 
activated H-ras mRNA and that have potent antiviral 
activity against the human herpes simplex virus. 



INTRODUCTION 

Novel oligonucleotide analogues are a new class of chemicals 
which have potential use as therapeutic, diagnostic or research 
reagent applications. Recently reported selection and amplification 
strategies to identify RNA and DNA ligands for specific 
molecular targets demonstrate that nucleic acid ligands can bind 
molecules not known to associate with nucleic acids (I 2) 
However, these strategies utilize the polymerase chain reaction 
to generate and screen the oligonucleotide libraries, which limits 
the library to substrates accepted by polymerases. Over 100 
nucleotide analogues (3.4) are now available. Methods which 
permit the use of these analogues in combinatorial libraries 
enormously expands the sequence space (5) which can be 
searched. Moreover, because many oligonucleotide analogues are 
resistant to naturally occurring nucleases, analogue libraries can 
be screened in biological assays in which natural DNA or RNA 
is rapidly degraded. 

Combinatorial peptide strategies involving iterative synthesis 
and selection have been used to identify an antigenic determinant 
recognized by a monoclonal antibody, an antimicrobial peptide 
and a protease inhibitor (6.7). Here we describe a oliaonucleotide 
combinatorial technique, known as synthetic unrandomizarion of 



randomized fragments (SURF), which is based upon repetitive 
synthesis and screening of increasingly simplified sets of 
o igonucleotide analogue pools. The starting pools consist of 
oligonucleotide analogues of defined length with one position in 
each pool containing a known analogue and the remaining 
positions containing equimolar mixtures of all other analogues 
With each additional step of the method, at least one additional 
position of the oligomer is determined until the active 
pharmacophore is uniquely identified. Using this method, we have 
identified an accessible binding site on a highly structured RNA 
hairpin loop and a compound which has potent antiviral activity 
against the human herpes simplex virus. 



RESULTS 

RNA hairpin binding 

The method is illustrated in Table 1, where 2'-0-Methyl 
oligonucleotide analogue libraries were screened to identify a 
compound with high affinity for an RNA hairpin from the 
activated H-ras mRNA (Fig. 1). 2-O-Methyl analogues are 
known to bind RNA with high affinity and are relatively resistant 
to nuclease degradation (8). The oligonucleotide library initially 
screened consisted of 262,144 unique sequences in 4 pools of 
65 536. Each pool was tested for binding against the RNA target 
and a 'pool K D ' was determined. The process was repeated for 
9 rounds until a unique -winner' was identified. As illustrated 
in Table 1, ,t was not difficult to distinguish the pool with the 
lowest K D at each round of synthesis and screening. As expected 
for oligonucleotide hybridization reactions (9), positions near the 
center of the oligonucleotide had a greater effect on the K D than 
positions on the extreme 5' or 3' ends. For example, an attempt 
to tix the 3 pos.tion in round 4 did not yield results that 
distinguished the pools. We selected an alternative position for 
round 4 which yielded a clear winner, and then proceeded to 
work from the center of the oligomer to the ends. The final 
oligonucleotide selected by the SURF procedure is 
complementary to the single stranded loop region of the target 
RNA. This result demonstrates that the SURF method can be 
used to find accessible hybridization sites within a hi°hlv 
structured RNA target. ff ' 
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Table I. Binding affiniiic 



■s for 2--Q.Mc, hyl 'J-mor «l„ laMc ^ ^ |u ^ ^ ^ ^ 



Rim mi 



Sequence 



(fi) when X 

A 



I 

2 
3 
4 
5 
6 
7 



NNNNXNNNN 

NKSNCHXNN 

NNXNCNCNN 

NNCXCNCNN 

NNCCCXCNN 

NNCCCACXN 

NXCCCACAN 

NGCCCACAX 

XGCCCACAC 



65.536 
16.384 
4,096 
1.024 
256 
64 
16 
4 
I 



22 

>I0 
> 10 
>10 
0.08 
0.05 
>0.l 
0.05 
0.03 



10 

4 

0.5 
0.15 
> I 
>0.5 
>0.l 
0.02 
0.05 



> 100 

> 10 

> 10 

> 10 
0.4 
0.08 

0.03 
0.05 
0.02 



> 100 
>I0 

> 10 
>I0 
>l 
>0.5 
>0.l 
0.042 
0.0J 




Herpes simplex virus inhibition 

Phosphorothioate oligonucleotides represent another type of 
analogue that is substantially nuclease resistant (10). A library 
of 65,536 uruque 8-mers in 4 pools of 16,348 each was screened 
tor activity agamst human herpes simplex virus type 1 fHSV-1) 
in cell culture. As illustrated in Table II, antiviral activity was 
observed with increasing potency at each round of synthesis and 
screening w It h no difficulty discerning the most active pool in 
each round. In contrast to the ras RNA target, the oligonucleotide 
pool containing a fixed guanine had the most activity m every 
round of HSV screening except the last round, resulting in 
selection of a guanine at nearly all fixed positions 

A series of specific oligonucleotides containing varying 
numbers of contiguous G's was screened using both 
immunoassays and virus yield assays. Several oligonucleotides 
which contained a G 4 core had potent antiviral activity 
suggesting that G 4 ,s the minimum active pharmacophore 
Sequences flanking the G 4 play an important role m antiviral 
ac wiry because activity can be modulated by substituting or 
deleting the surrounding sequences and an unflanked G 4 
1 Cd relalivel V weak antiviral activity (IC 50 = 2 8 

SURF library was designed as shown in Table in. Optimization 
of the sequences surrounding the G 4 core produced a 3 fold 
increase in antiviral activity in four rounds of synthesis and 
screening, suggesting that although the G 4 core is the most 

b7tnLT mP ° nent ° f aCtiYity ' P ° tenC * can ** ^ulated 
Dy tne tlanking sequences. 

TJZ "■ H . SV . acl,v , I , , y were investigated using MTT reduction as 
ax, end po.nt for cell viability (11). Treatment of cells was exactly 

JiTSirVl anl ' V j ral 3SSayS exCe P l ,hat no virus added 
£JS? eSe " d) . In * U ^ aCyclovir < a ,icen ** 

iSsrtv^s? r anti - Hsv activity (i2 » redu « d «« 

vmbihty by 50% at concentrations of approximately 45/xM 

GCRTrrTA S ,:' ected . oli g° s - GGGCGGTG (from Table 2), or 
GCGCGGTA (horn Table 3) reduced cell viability to the 50% 
level at concentrations as high as IOO,<M. However, some 
evidence ot changes ,n cell morphology were observed in cells 
tfeatec lw,th GCGGGCTG at concentrations of 25^M or h"ghe 
For this ol.goniicleoi.de, slight reductions in cell viability 
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U G 



G 
C- 
A 
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C-G 
C-G 
G-C 
C-G 
G-C 
G-U 
C G 
U- A 

G - C 
G-C 
U- A 
G-U 

cc 

' c 



® 



c-c 
c-c w 

G-C 
CG 
G-C 
G*U 
G G 



(70 - 80%) of untreated cell values) were also noted in this 
concentration range. For the oligonucleotide GCGGGGTA no 
evidence of morphological changes or cell viability was observ^ 
at concentrations up to lOO^M. These studies confirm that 
antmral acfv.ty of the selected oligonucleotides is in7epe nd nt 
from a cytotoxic effect. Foment 

G 4 containing oligonucleotides form a structure known as 
guanine quartet where four guanines form a cyclic arrav with 

£ C Y*T: C / lCk faCC and ^ Ho °g steen face of rj, e ^ 
nvolved .n hydrogen bonds (13, 14). Four sequential G-qCets 
stack upon each other to form a cylindrical structured" 

EST STS?? T ^ 3 SUg3r P h ° S P hate 
NMRr'h chromatography, CD spectroscopv and 

NMR characterization ot some of the active antiviral sequences 
showed that the phosphorothioate G, containing molecule" fbrrn 



07/11/96 THU 10:55 FAX 1 508 751 7691 



HYBRIDON: BIOTECH IV 



@005 



Nucleic Acids Research. 1993. Vol 2J. No 8 1855 

* T;ihlc 2. Inhibition of human heme* <inm(.>* win. ■ * * . 

. umjn n< - f P^ >»»rk* vini.% I by ph.wphwi«hiuaic oligonucleotide p.kifc. 



Rtiund 



Sequence 

NNN.X.WNN 

NNNGNNNX 

NNNGNXNG 

NXNGNGNG 

XGNGNGNG 

GGNGXGNG 

GGXGGGGNG 

GGGGGGXG 



IC 3lJ (pM) when X = 
A C 



16.348 
4.096 
1.024 
256 
64 
16 
4 
I 



> 100 

> 100 

> 100 
30 
20 
(0 

1.3 
0.7 



> 100 

> 100 

> 100 
30 
20 
10 

1.3 
0.7 



70 
30 
15 
5 

1.5 
1.5 
0.5 
1.1 



> 100 

> 100 

> 100 
20 
20 
10 

1.3 
0.4 



a„nc,ics Ccp. San D, eg „) and tuIture nJ, ^3 '*^^ 0«* mSS 

gB antigen using a monoclonal amibtxly (Chemicon MAB853I) Assay n»ulr« 3 I J? u postinfection and assayed for the presence of HSV-i 

oligonucleotide). Values report arc based on the m «n va.u« percent of control infected cells which were not treated wUh 

concentration revealed significant differences between «ivi ra ? I™ 1 ™? com P a ^ wing replicates at each 

round 8. statistically significant differences were not observed be w V^l those' w£ c° tTor^ *' rOUnd 8 ' ta 



quartet structures which are related to their antiviral activity (J. 
Wyatt, unpublished results). Substitution of any of the sequential 
4 G's resulted in loss of both the ability of the molecules to form 
intermolecular quartets and antiviral activity. 

DISCUSSION 

Some general features of the SURF method are that identification 
of an active pool in the first round of synthesis and screening 
always results in identification of at least one unique 
pharmacophore. Each subsequent set of pools is a subset of the 
previously selected pool and ail molecules in the originally active 
pool are contained somewhere within the four subsets. Thus, an 
active molecule contained within the winner pool in the Round 
i screen will be enriched in only one of the next four pools and 
absent from the other three. There may be several active 
molecules in the round 1 pool which contribute to the activity 
observed in the first round screen particularly for targets like 
RNA, which have more than one potential binding site. Choice 
of the fixed position might influence the molecule ultimately 
identified. Testing several different fixed positions could 
potentially avoid becoming trapped in a 'local minimum', where 
the most active molecule is not found because selection of the 
fixed position directed the unrandomization scheme towards a 
suboptimal winner. 

Another important consideration is the size of the 
pharmacophore and the probability that the active pharmacophore 
may appear in different places within the same oligonucleotide 
In the case of HSV-I . the active pharmacophore was a G 4 core 
whose activity was modulated by the flanking sequences. Because 
an 8-mcr can contain G 4 in four different places, each new pool 
containing a G in the variable position had a higher concentration 
of different G 4 containing oligonucleotides in the pool relative 
to the other pools. However, when the G 4 core was fixed in the 
initial library (Table 3). the remaining sequences showed no 
strong preference for additional G's. Short pharmacophores 
within longer sequences can be identified by taking the final 
sequence and systematically substituting each nucleotide position 
to determine which are essential for retention of activity. 



Table 3. Optimization of a G 4 core-containing 8-mer oligonucleotide for HSV 
antiviral activity. 



Sequence 


Most Active X = 


ICjoOiM) 


NNGGGGNX 
NNGGGGXA 
XNGGGGTA 
GXGGGGTA 


A 
T 

G 
C 


2.5 
1.1 
0.8 
0.8 



Careful design of screening assays is required for the successful 
application of SURF technology so that the selected 
oligonucleotides have the desired specificity. For example, when 
selecting for antiviral activity, cytotoxicity assays should be 
performed to insure that inhibition of virus replication is not an 
artifact of undesirable effects on cell metabolism. It is clear that 
the antiviral activities of the 2 phosphorothioate oligonucleotides- 
GGGGGGTG and GCGGGGTA, are unrelated to cytotoxic 
effects which are observed only at concentrations at least 50 fold 
greater than those necessary to achieve antiviral activity 
Nevertheless, the reduced cytotoxicity (and therefore enhanced 
therapeutic index) of GCGGGGTA relative to GGGGGGTG 
suggests that this compound may have advantages as a drug 
development candidate. 

In contrast to peptides, nucleic acids and their analogues are 
known to fold into three dimensional shapes based upon complex 
patterns of hydrogen bonding by the heterocyclic bases. These 
hydrogen bonding patterns provide the basis for shape diversity 
within a library of linear oligonucleotides. It is interesting that 
in the two examples described in this paper, the SURF method 
produced winners based on two different hydrogen bonding 
motifs, Watson-Crick base pairing (ras) and G-quartets (HSV) 
A significant advantage of the SURF method is that it enables 
the screening of oligonucleotide analogues libraries. The libraries 
described here were composed of uniform sugar (2'-0-Methyl) 
and phosphate (phosphorothioate) modifications with the common 
nucleotide bases (A, C. G. U or T). However, base analogues 
could be used to increase the number of letters resulting in 
libraries containing a much more complex collection of shapes. 
The combination of new classes of nucleotide analogues, the 
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abstract: A 47-nucleotide transcript of the activated Ha-r<w gene was prepared and determined, by 
enzymatic structure mapping, to form a stable hairpin structure. Six antisense decaribonucleotides were 
designed, and association constants (K a ) for the hairpin- and length-matched complements were measured. 
Two of the antisense oligonucleotides targeted to the loop had nearly equal affinity for the transcript 
compared to the complement. The others, including one oligonucleotide complementary to the 3' side of 
the single-stranded loop, bound 10 5 -10 6 -fold less tightly to the transcript than to the short complement. 
We propose the difference in affinity is due to the target structure, both the secondary structure of the stem 
and the structure in the loop. Measurement of the bimolecular association rate constant, k u and the 
dissociation rate constant, k- u for these oligonucleotides indicates theobserved relationship between affinity 
and structure is primarily due to Jfc ( . 



The proposed mechanism of action of antisense oligonu- 
cleotides requires hybridization of an oligonucleotide to its 
complementary sequence in the RNA target, typically mRN A . 
Therefore, for an antisense oligonucleotide to be effective, the 
complementary target sequence must be available for hy- 
bridization. Unfortunately, the RN A target is not a single- 
stranded random coil but contains secondary and tertiary 
structures. Target RNA structure has been shown to affect 
the affinity and rates of oligonucleotide hybridization (Freier 
& Tinoco, 1975; Uhlenbeck, 1972; Yoon et al., 1975; Fedor 
& Uhlenbeck, 1990; Herschlag & Cech, 1990a,b) as well as 
the efficacy of antisense oligonucleotides (Bacon & Wickstrom, 
1 99 l;Wickstrometal., 1986; Chiang etal., 1991). Therefore, 
designing antisense oligonucleotides to take advantage of 
mRNA structure requires insight into the influence of this 
structure on oligonucleotide hybridization. 

To investigate the effect of hairpin structure on the 
hybridization of antisense oligonucleotides, an RNA transcript 
corresponding to residues +18 to +64 of activated Ha-ras 
rnRNA (Reddy, 1983) was prepared. This target was chosen 
for two reasons. First, RNA folding algorithms (Jaeger et 
al., 1989) predict this region to be folded into a stable hairpin 
structure. Hairpins are the predominant structure among 
RNAs whose secondary structure has been characterized 
(Gutell et al., 1 985) and therefore would likely be the structure 
most frequently associated with an antisense oligonucleotide 
target site. Second, this fragment contains codon 1 2, the site 
of a point mutation thought to be responsible for the 
transforming activity of mutant Ha-rar (Reddy, 1983), and 
accordingly represents an attractive target for an antisense 
therapeutic. Therefore, we were interested in evaluating the 
affinity of antisense oligonucleotides for this target site. 

Six antisense decaribonucleotides complementary to various 
regions of this hairpin were designed and synthesized. 
Equilibrium and rate constants were determined for hybrid- 
ization of the 10-mers to the hairpin. Comparison of a ffiiiities 
and rates for hybridization to the hairpin with hybridization 
to the short single-standed oligoribonucleotide complement 
shows that the loop structure has a very large effect on 
hybridization of antisense oligonucleotides. Targeting the 5' 
side of the loop results in the greatest hybridization affinity 
and rate while targeting the 3' side of the loop results in the 



lowest affinity. This phenomenon cannot be explained by 
simple base-pairing thermodynamics. 

MATERIALS AND METHODS 

Materials. Unlabeled deoxyribonucleoside 5 / -triphosphate . 
(dNTP) 1 and NTP, ribonucleases Tl and CL3, and calf 
intestine alkaline phosphatase were purchased from Boehringer 
Mannheim (Indianapolis, IN). Ribonucleases A and SI were 
from Gibco BRL (Gathersburg, MD). Ribonuclease VI, 
RNA ligase, and RNAguard were from Pharmacia LKB 
(Upsalla, Sweden). [-r 32 P]ATPand [ 32 P] pCp were from ICN 
Biochemicals (Irvine, CA) and Amersham (Arlington Heights, 
1L), respectively. T4 polynucleotide kinase and T7 RNA 
polymerase were from Promega (Madison, WI). Theplasmid 
pT24-C3, containing the c-Ha-roj-1 -activated oncogene 
(codon 1 2, GGC — GTC), was from American Type Culture 
Collection (Bethesda, MD). Sep-Pak C18 cartridges were 
purchased from Waters (Milford, MA). 5'-Dimethoxytrityl 
2'-/£/7-buty1dimethylsilyl nucleoside 3'-0-phosphoramidites 
were from American Bionetics (Hayward, CA); tetrabutyl- 
ammonium fluoride was from Aldrich (Milwaukee, WI). 
Protected phosphoramidites and other standard reagents for 
chemical synthesis of DNA were purchased from Applied 
Biosystems Inc. (Foster City, CA). 

Preparation of RNA Transcripts. The template for 
transcription was prepared from the plasmid pT24-C3 using 
PCR according to standard methods (Ausubel et al., 1989). 
The sense primer consisted of the 1 7-mer responsive sequence 
for the T7 promoter followed by a 1 5-mer sequence homologous 
to residues +18 to +32 of the activated Ha-raj mRNA 
sequence. The antisense primer was complementary to 
residues +50 to +64 of the mRNA sequence. After purifi- 
cation on a 2% agarose gel (Jinno et al., 1988), the template 
was used to synthesize a 47-base segment of activated Ha-mr 
mRNA containing codon 1 2. Transcripts were prepared in 



1 Abbreviations: dNTP, deoxyribonucleoside 5'-triphosphate; DTT, 
diihiothrcitol; QDTA. cthylencdianiinctctraacettc acid; /£„, association 
constant; K& t dissociation constant; k x , bimolecular association rate 
constant; , dissociation rate constant; NTP, ribonucleoside triphosphate; 
PCR, polymerase chain reaction; PEG, polyethylene glycol); Y, 
pyrimidine. 
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1 00 fit containing 40 mM Tris-HCl, pH 8.1, 22 mM MgCI 2 , 
5 mM DTT, J mM spermidine, 0.01% Triton X-100, 4 mM 
each rNTP, 100 units of RNAguard (RNase inhibitor), 80 
mg/mL PEG, 10 nM T7 RNA polymerase, and roughly 1 Mg 
of template. Reactions were incubated at 37 °C for 2 h. 

Oligonucleotide Synthesis. Oligoribonucleotides were syn- 
thesized using an Applied Biosystems 380B automated DN A 
synthesizer and 5'-dimethoxytrityl 2'-/£T/-butyIdimethylsilyl 
nucleoside 3 '-0- phosphor a mid ites (Wu & Ogilvie, 1990). 
Protecting groups on the cxocyclic amines of A, C, and G 
were phenoxyacetyl (Wu et aL, 1989). The standard DNA 
synthesis cycle was modified by increasing the wait step after 
the pulse delivery of tetrazole to 900 s. Oligonucleotides were 
deprotected by overnight incubation at room temperature in 
methanolic ammonia. After oligonucleotides were dried in 
vacuo, the 2'-silyl group was removed by overnight incubation 
at room temperature in 1 M tetrabutylammonium fluoride in 
telrahydrofuran. Oligonucleotides were purified using a CI 8 
Sep-Pakcartridge(Freier etal., 1985; Sambrook etal., 1989) 
followed by ethanol precipitation. Analytical denaturing 
polyacrylamide electrophoresis demonstrated the RNA oli- 
gonucleotides were greater than 90% full-length material. 

DNA oligonucleotides used for PCR primers were syn- 
thesized using an Applied Biosystems 380B automated 
synthesizer and standard phosphoramidite chemistry. Primers 
were purified by precipitation 2 times out of 0.5 M NaCI with 
2.5 volumes of ethanol. 

32 P Labeling of RNA Transcripts and Oligoribonucleotides. 
RNA transcripts and oligonucleotides were 5' end labeled 
with 32 P using [y- 32 P]ATP, T4 polynucleotide kinase, and 
standard procedures (Ausubel etal., 1989). RNA transcripts 
were 3' end labeled with 32 P using [ 32 P]pCp, T4 RNA ligase, 
and standard procedures (Ausubel et al, 1989). Labeled 
oligonucleotides were purified using a CI 8 Sep-Pak (Freier 
etal., 1985; Sambrook etal., 1989); labeled transcripts were 
purified by electrophoresis on a 12% denaturing polyacryla- 
mide gel (Sambrook et al., 1989). Specific activities of the 
labeled 47-mer and 10-mers were, respectively, about 2000 
and about 6000 cpm/fmol. 

Enzymatic Structure Mapping. Digestions with RNase 
Tl, VI, CL3, and A were performed in 10 nL containing 10 
mM Tris-HCl, pH 7.4, 50 mM NaCI, 5 mM MgCI 2 , 3 Mg of 
tRNA, and 3.5 X 10 4 cpm of 32 P-labeled transcript. RNase 
SI digestions were performed in 10 /iL containing 50 mM 
sodium acetate, pH 5.0, 1 mM zinc acetate, 250 mM NaCI, 
3 ^g of tRNA, and 3.5 X 10* cpm of 32 P-labeled transcript. 
To guarantee only primary hits were detected, the concen- 
tration of each enzyme was chosen such that roughly 90% of 
the transcript remained intact. Reactions were incubated 5 
min at 25 °C except for reactions containing RNase S 1 which 
were incubated 5minat4°C. Following incubation, reactions 
were quenched by addition of 5 pL of 9 M urea. Reaction 
products were resolved using a 1 2% polyacrylamide sequencing 
gel (Ausubel et al., 1989). 

Structures of oligonucleotide-bound transcripts were mapped 
as described above except oligonucleotide was added for a 
final concentration of 10 /iM and incubated 2 h at 37 °C prior 
to enzymatic digestion. 

Determination of Dissociation Constants. Equilibrium 
constants for hybridization of antisense oligonucleotides to 
the RNA hairpin were measured using a gel shift assay (Pyle 
et al., 1990; Ausubel et al., 1989; Fried & Crothcrs, 1981; 
Gamer & Revzin, 1981; Pontius & Berg, 1991; Revzin, 1989; 
Bhattacharyya et al., 1990). Hybridization reactions were 
prepared in 20 mL containing 1 00 mM Na+ , 1 0 mM phosphate, 



pH 7.0, 1000 cpm of 5'- 32 P-labeIed transcript and antisense 
oligonucleotide ranging in concentration from 1 pM to 1 0 pM 
and incubated 20 h at 37 °C. After addition of 10 nL of 
loading buffer ( 1 5% Ficoll, 0.25% bromphenol blue, and 0.25% 
xylene cyanole FF), reactions were resolved at 10 °C in a 12% 
native polyacrylamide gel containing 44 mM Tris-borate and 
1 mM MgCl 2 . Hybridization of antisense oligonucleotides to 
complementary oligonucleotide targets was measured similarly 
except resolution was on a native 20% polyacrylamide gel. 
Gels were quantitated using a Molecular Dynamics Phos- 
phorimager. If the antisense oligonucleotide concentration 
substantially exceeds the target concentration, the dissociation 
constant (Af d ) is simply the antisense oligonucleotide con- 
centration at which 50% of the target is shifted. Due to the 
limited specific activity of the targets, concentrations were 
roughly 25 pM for the transcript and 8 pM for the oligonu- 
cleotide target so association constants tighter than 1.5 X 
1 0 10 M _I for the 47-mer or 5 X 10 M M" 1 for the 10-mer could 
not be accurately measured. 

Determination of Hybridization Rates. To measure bi- 
molecular association rales (/cO, hybridization reactions were 
prepared as described above except a single antisense oligo- 
nucleotide concentration (10-fold over the *d) was used. 
Reactions were incubated at 37 °C for prescribed intervals 
and quenched by snap-freezing on dry ice. Reactions were 
individually thawed and immediately loaded onto a running 
native polyacrylamide gel. 

To determine dissociation rates, the concentration of 
antisense oligonucleotide used in the k\ determination was 
incubated with the labeled target RNA for 20 h at 37 °C. 
Following annealing, unlabeled target was added in 10-fold 
excess to the antisense oligonucleotide, and reactions were 
incubated at 37 °C for the prescribed intervals. Reactions 
were snap-frozen and analyzed on polyacrylamide gels as 
described above. 

RESULTS 

Structure Map oJT the mRNA Hairpin. The enzymatic 
structure map for the 47-mer transcript corresponding to 
residues 1 8-64 of mutant Ha-raj mRNA is shown in Figures 
la and 2 (lanes 2-4). To ensure only primary cleavage sites 
were detected, both 3' and 5' end-labeled transcripts were 
tested (Douthwaite & Garrett, 1981). Only cleavage sites 
detected with both labelings are reported in Figure la. 

Enzymatic structure mapping of the 47-mer transcript 
reveals a hairpin structure consisting of either a 12 base pair 
stem and a 19-membcred loop or a 13 base pair stem with a 
lG-membered loop. The ambiguity in the stem size is due to 
digestion of theC(33)-G(50) base pair with both double- and 
single-strand-specific enzymes. Mapping data from both the 
5' and 3' end-labeled substrates demonstrate these are primary 
hits, suggesting this base pair is transitory and both confor- 
mations are present. 

A weak double-strand-specific primary hit was observed 
within the loop at A(47). The presence of strong single- 
stranded hits on either side of this residue and the absence of 
complementary sequences anywhere else in the fragment 
suggest this VI cleavage site is an artifact of enzymatic 
structure mapping. 

Association Constants for Hybridization of Antisense 
Oligonucleotides to the RNA Hairpin. Table I describes six 
deca ribonucleotides for which dissociation constants were 
measured. Two, 3270 and 3271, are complementary to the 
stem region of this hairpin; one, 3292, is partially comple- 
men tary to the stem a nd partially complemen tary to the loop; 
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the others target the 5' side (3291), the middle (3283), and 
the 3' side (3284) of the loop. 

For each antisense oligonucleotide, dissociation constants 
were measured using the gel shift assay. Figure 3 plots percent 
target shifted as a function of antisense concentra tion for each 
antisense oligonucleotide and each of two targets, the 47-mer 
hairpin and a complementary single-stranded RNA 10-mer, 
Association constants (K a ) determined from these curves are 
listed in Table I, For 3291 hybridizing to the hairpin target, 
the apparent K d is 4 X 10~' 1 M, a concentration only slightly 
larger than that estimated for the target. Therefore, this 
association may be stoichiometrically limited, and the asso- 
ciation constant may be greater than the value listed in Table 
I. 

The three antisense oligonucleotides targeted to the stem 
region of the hairpin exhibited 10 5 -1 OMbld lower affinity for 
the hairpin target than for the length-matched dodecamer 
target. For the three oligonucleotides targeted to the loop, 
the thermodynamic effect of the ha irpin depends on the target 
site. 3284, targeted to the 3' side of the loop, binds substantially 
less favorably to the hairpin than to its complementary 10- 
mer. 3283, targeted to the middle of the loop, binds 10-fold 
less favorably to the hairpin than to the complementary 10- 
mer, and 3291, targeted to the 5' side of the loop, binds at 
least as favorably to the hairpin as to its 1 0-mer complement. 
Although reproducibility in K*s measured by gel shift is no 
better than 2-fold, the plot in Figure 3D and the kinetic data 
presented below suggest that 3291 binds slightly more tightly 
to the hairpin than to its length-matched complement. 

To confirm measured equilibrium constants reflect hy- 
bridization conditions, not electrophoresis conditions, assays 
were performed using different loading and running buffers 
for the gel electrophoresis. No change in the AT d was observed. 



In addition, the K 6 for hybridization of a biotinylated 
oligonucleotide was determined by capture and separation 
using streptavidin-conjugated magnetic beads (Itoetal., 1992). 
The K4 determined using this alternate method of separation 
agreed well with that determined by the gel shift assay, 
demonstrating that the gel shift technique is measuring 
equilibrium under the hybridization conditions. 

Migrational Retardation of the Hybrid. For all six 
decaribonucleotides, hybridization of the oligonucleotide to 
the hairpin target reduced the mobility of the hairpin on the 
native polyacrylamide gel. The degree of retardation ranged 
from 3 mm for 3291 (AT a > 3 X 10 10 M" 1 ) to 12 mm for 3284 
{K a < l x 10 5 M H ). As shown in Figure 4, the degree of 
retardation correlates inversely with the association constant 
for this interaction. 

Structure Map of the Hybrid. Structure maps for 3291 
and 3283 bound to the hairpin are shown in Figures lb, lc, 
and 2 (lanes 6-8, 10-12). In each case, upon hybridization! 
strong single-stranded hits at the target site in the transcript 
disappear and are replaced by double-strand-specific hits in 
the hybrid. For 3291 , digestion patterns for regions outside 
the target site are virtually identical for both the hybrid ( Figure 
lb) and the unbound transcript (Figure la). In contrast, for 
3283, digestion patterns outside the target site differ for the 
hybrid (Figure lc) and the unbound transcript (Figure la). 
Compared to the free transcript, the hybrid shows reduced 
digestion with RNase Tl at G(34) and enhanced digestion 
with RNase A at U(35) and C(36). Both hybrid maps also 
show double-strand- and single-strand-specific hits at the top 
of the stem, suggesting that this region is destabilized by 
formation of the hybrids. 

Rate Constants for Hybridization of Antisense Oligonu- 
cleotides to the RNA Hairpin. Bimolecular association rate 
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* ?h „ni- T d '5! S,,0n of 5 ' ««>-labeled 47-mer transcript 
rf, "° tFT*Ttl^ 6 (lanes 2 " 4) - hybridized to 329 1 (lanes 
tV' ' o32 ? 3 < lanes 10-12). Digestionswereperformed 

of RN C a r ^. W ;f h0 - 9 r; tOf ? NaSeTl < lan «2.6,and 10uS 
I f f 7l and 1 »• or 1-5 "nits of RNase T! (lanes 

4. 8, and 12). The base hydrolysis ladder (lanes I, 5. and 9) w£ 
prepared I by mcubat.on of 5' end-labeled transcript at 90 °C for 5 
mm in 10 M L containing 100 mM sodium carbonate, pH 9.0. 

constants (*,) and dissociation rate constants (*_,) f or three 
oligonucleotides to each target are listed in Table II Asso- 
ciation rates were calculated from the measured dissociation 
rate and the measured equilibrium constant, AT, = k,/k., 
Some association rates were also measured directly In those 
cases, experimental and calculated rates correlated well 
Trends observed for *, are similar to those noted above for 
hybridization rates for 3283 and 3291 are similar for both 
the hairpin and single-stranded targets. In contrast, 3292 
which targets some stem and some loop, hybridizes lO'-fold 
more slowly to the hairpu than to the short single-stranded 



Lima et 

dissociated antisense oligonucleo, de Th SSfSZT 
ciation rate was determined using unlabeled i fl™ . '* 
rather than unlabeled 47-mer t?,?X^Z*7 
antisense oligonucleotide. To cJiLtffS^SSS, 
10-mer target did not affect the measured dissoc atkrn ra 
dissoc.aUon rates for 3291 and 3283 from 47-meT ta get we 
measured usmg both unlabeled 47-mer and unlabeled 10-m, 
as capture RNAs. Dissociation rates were unaffected by? 
length of the unlabeled capture RNA. 

DISCUSSION 

Thermodynamic Results Suggest Structured Singh 
Stranded Regions Impact Antisense Binding as Effective! 
as Double-Stranded Regions. The impact tfrget se2nd a 
structure exhibits on antisense oligonucleotide bSff ■ 
demonstrated by the difference between AT.', for the oligc 
nudeofde-hairpin hybrids and the oligonucleotide^^ 
c eo .de complexes (last column in Table I). For oligonu 
cleotides targeted to the stem of the hairpin, binding to "h 
hairpin ,s lOMO'-fold less favorable than binding ,o a n 
mer target. Th.s difference is likely due to the requiremen 
that base pairs in the stem must be disrupted before tfa, 
antisense oligonucleotide can bind. In contrast, nosignifican 
secondary structure need be disrupted in the single-strand* 
target. For example, thermodynamic parameters for RN/ 
foldmg (Jaeger et al., 1 989) predict disruption of stem residue 
necessary to bind 3292 requires +8.9 kcal/mol, thus predictini 
the antisense oligonucleotide will bind 5 x lfj-'-fold as wel 
tothehairpinastosingle-stranded 10-mertarget. Considerim 
ionic conditions for the prediction and the experiment differ 

° f 4 X ^ for ™> -PI"*, tnis simpU 

For the three oligonucleotides targeted to the loop th< 
thermodynamic effect of the hairpin depends on the target 
site. Theseeffectscannotbeexplained by simple base-pairing 
hermodynamics. For all three antisense oligonucleotides 
the target s.te .s single-stranded as evidenced by cleavage 
with single-strand-specific nucleases, and no base pairs should 
have to be broken for hybridization to occur. Clearly the 
oop structure must be responsible for this effect. It appears 

to that of binding to a stem region. Binding to residues 33- 
42, on the other hand, has a small negative cost; it is slightly 
easier to bind to the loop structure than the free single strand 
Similar results have been observed for binding of short 

SL SC , n 07, l, 80nUC i e0 ^ deS 10 hairpin 10005 in tRN A (Uhlen- 
V ? TV & Tm0C °- 1 9?5); "'^nucleotides targeting 
the 5; side of the anticodon loop bind more tightly to thf 
hairpin loop than to their single-stranded complements 
(Uhlenbeck. 1972). Bindingtothe3'sideoftheloop.howev« 
is not observed. f."«w C r«, 

tetardMion Distances Support the Thermodynamic Re- 
sults. Migrational differences between the hybrid and the 
free transcript are an additional indication that the loop 
structure is responsible for the difference in binding behavioV 
for antisense oligonucleotides targeted to the loop. One factor 
contributing to migrational retardation of the hybrid is 
conformational changes in the transcript due to hybrid 
formation In situations where hybridization rLlJ t 
significant perturbation of target secondary structures the 
effect on mtgration of the hybrid band would be greater 
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Table I: Association Constants for Six Antiscnse Oligonucleotides 
10-racr Targets* 


Hybridizing to a 47-mcr Hairpin Target and Single-Stranded Complementary 




oligonucleotide 


complementary residues 
in hairpin target 


K lt hairpin 
target (M _l ) 


AT., single-stranded 
oligonucleotide target (M _l ) 


ratio* 


stem 
loop 


f 3270 
{ 3271 
If 3292 
J 3291 
1 3283 
13284 


18-27 
23-32 
28-37 
33-42 
38-47 
43-52 


1 x I0 5 

1 x 10 6 

2 x 10 5 
>3 X 10'° 

2 X 10 9 
<1 X 10 5 


3 x 10'° 

1 x 10" 
5 X 10 10 

2 x 10>° 
2 x 10 ,D 
2 x 10 10 


3 X lOr« 
1 x 10-3 

4 x )fr* 
>1.5 

1 x 10-' 
<5 x 10-* 


" Hybridization conditions are given in the text. Estimated errors arc db a factor of 2. 
single-stranded 10-mer target. 


b Ratio of K t for the 47-mer hairpin target to /C, for a 
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Figure 3: Fraction of target shifted vs concentration of antisense oligonucleotide for the six antisense oligonucleotides described in Table 
I binding to the 47-mer hairpin target (A) or to a single-stranded complementary deca ribonucleotide target (•). (A) 3270; (B) 3271; (C) 
3292; (D) 3291; (E) 3283; (F) 3284. The double line in the schematic indicates the target site for each oligonucleotide. 

that can stack on the 5' side of the loop to 1 1 , terminating with 
G(43). Asshownin Figure 5a, the remaining unstacked region 
must be long enough to span the stacked single-stranded helix 
and allow for formation of the stem. Therefore, the target 
site for 3291 would fall within the proposed stacked region 
while the target site for 3283 would continue past G(43). 

Figure 5c shows that under the proposed model, hybrid- 
ization of 3283 to the transcript would result in distortion of 
the loop structure. In contrast, hybridization of 329 1 ( Figure 
5b) requires no change in the loop structure. The larger 
retardation and weaker K A observed for 3283 compared to 
3291 are consistent with this model. The large retardation 
and very weak K a of 3 284 are also consistent with the proposed 
model because hybridization would require substantial con- 
formational change. 

Structure Map of the Hybrid Is Consistent with the Model. 
Further validation of the proposed model is illustrated by 
structure maps for the 3291 and 3283 hybrids. Digestion 
patterns outside of the target site for the free hairpin and the 
3291 hybrid are virtually identical and therefore consistent 
with no conformational changes in the hairpin upon binding 
of 329 1 . The change in digestion patterns outside of the target 
site upon binding of 3283 is consistent with a hybridization- 
induced conformational change in this region. 

Effects of Structure on Hybridization Kinetics, Data in 
Table II demonstrate thermodynamic trends noted above are 
due to trends in the association rate. Whereas dissociation 




Figure 4: Gel retardation for each oligonucleotide binding to the 
hairpin loop vs the association constant of this interaction. The 
ordinate reports the distance between free and bound transcript. Under 
the electrophoresis conditions used, free transcript migrated 1 1 0 mm. 
The K t for 3284 was extrapolated from gel shift data at 100 jaM 
oligonucleotide. 

retardation. Data in Figure 4 support this hypothesis; three 
oligonucleotides targeted to the stem as well as 3284 show 
large retardation on the gel. In contrast, binding of 3291 
shows the most favorable thermodynamic effect of hairpin 
structure and the smallest retardation on the gel. 

Thermodynamic and Gel Retardation Results Suggest a 
Model for the Loop Structure. Model building of the hairpin 
reveals that steric constraints limit the number of nucleotides 
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Tabic II: Rate Constants for Three Antisense Oligonucleotides Hybridizing lo a 47-mer Hairpin Target and Single-Stranded ComDlementarv 
10-mer Targets" r 7 








observed* 


calculated' 






oligonucleotide 


A-i (s- 1 ) 


MM" l s~') 


k t (M" 1 s" 1 ) 


ratio* 


47-mer target 
'O-mer target 


3292 
329I 
3283 
3292 
3291 
3283 


1 X 10- 4 

2 X 10" 1 

1 x i(r 2 

4 X |(T J 

2 X 10~ 2 
2X I0" 2 


13 

6 X 10* 
1 x 10 1 


19 

>2 X 10 B 

1 x to 7 

2 X 10 s 
8 x |0 7 
4 X !0 7 


10" 7 
>2.5 
0.25 



° Hybridization conditions arc given in the text. Antisense oligonucleotides arc described in Table 1. Estimated errors arc ± a factor of 2. h Rates 
were determined experimentally as described under Materials and Methods. r Association rate was calculated from the measured dissociation rate and 
the measured equilibrium constant. d Ratio of fc, for the 47-mer hairpin target to *, for a singlc-strandcd 10-mer target. 






(c) 

Figure 5: Proposed structures for (a) the unbound 47-mer transcript, (b) the hybrid of 3291 and the 47-mer transcript, and (c) the hybrid 
of 3283 vnd the 47-mer transcript. 



rates <i re similar for both targets and all three oligonucleotides 
studied, association rates vary from 10 l to 10 8 M" 1 s" 1 . That 
target structure plays an important role in association rates 
is demonstrated by the difference in association rates for the 
hairpin target compared to a single-stranded 10-mer target 
(last column in Table II). 3292, targeted partially to the 
stem and partially to the loop, binds 10 7 times more slowly 
to the hairpin than to a single-stranded 10-mer target. In 
.contrast, 3291, targeted to the 5'i ieof the loop, binds faster 
to the hairpin than to a single-stranded target. These data 
continue to support the model that the loop structure promotes 
hybridization on the 5' side of the loop. In fact, the k } for 
binding 3291 to the hairpin is approximately 10- fold faster 
than association rates reported for other structured RNA 
hybrids (Yoon et aL, 1975; Fedor & Uhlenbeck, 1990; Chow 
et al., 1 992), supporting the notion that a particularly favorable 
loop structure is involved. 

Implications for Design of Antisense Oligonucleotides. 
These data indicate the tightest binding of antisense oligo- 
nucleotides occurs at target sites for which disruption of the 
target structure is minimal. Therefore, considerations of the 
target secondary structure dictate single-stranded regions 
should be selected over double-stranded regions. Furthermore, 
due to the loop structure, -tot all single-stranded regions exhibit 



structures favorable to hybridization. Once single-stranded 
regions are identified, the ideal target site must be determined 
empirically. 

Long single-stranded regions such as the loop region in this 
47-mer fragment of mutant Ha-rar mRNA have been observed 
in other RNAs (White & Draper, 1989) but may be rare. 
Therefore, attempts should be made to keep oligonucleotide 
length to a minimum. This can be achieved by use of modified 
antisense oligonucleotides such as 2'-0-methyl derivatives that 
exhibit a higher affinity than unmodified DNA for target 
RNAs (Freier et al., 1992). In addition, inherently greater 
affinity obtained from targeting ideally structured regions 
eliminates the need for increased oligonucleotide Length. 

Selecting target sites favorable for hybridization may also 
help increase the specificity of an antisense oligonucleotide. 
If the target sequence occurs elsewhere, it is unlikely to be in 
such a favorable conformation. Thus, affinity to the incorrect 
site will be reduced, and specificity of the antisense oligo- 
nucleotide will be maximized. 

Significance to Antisense Targeting of Ha-ras. On the 
basis of the above results, predictions can be made regarding 
the design of antisense oligonucleotides against mutant Ha- 
ras mRNA. Activation of the Ha-roj oncogene has been 
shown to occur through mutations in its coding sequences 
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(Barbacid, 1987). Presumably, inhibition of expression of 
the mutation-carrying gene is desired without affecting 
expression of the normal gene which is generally believed to 
be essential for cell survival. Therefore, directing oligonu- 
cleotides to mutations within the Ha-ms mRNA may be 
desirable. 

We show here that targeting residues 33-43 of Ha-ras 
mRNA containing a codon 1 2 activating point mutation (GGC 
— GUC) should result in high affinity and therefore high 
antisense activity. The results suggest shifting the target site 
from residues 33-43 in either direction should reduce affinity 
and therefore activity. Modeling suggests only 1 1 nucleotides 
of the loop are stacked; therefore, increasing the length of the 
antisense oligonucleotide above 1 1 may not increase activity. 
Experiments on the analogous fragment from wild-type Ha- 
ras mRNA show it too forms a hairpin structure with similar 
patterns of antisense binding (W. F. Lima, unpublished 
results). Thus, selective targeting of mutant over wild-type 
Ha-ror mRNA should be possible with an oligonucleotide as 
short as 1 1 nucleotides. These predictions assume in vivo 
binding to full-length ras mRNA (973 residues) follows 
patterns observed in vitro for the 47-mer fragment. Folding 
predictions (Jaeger et a 1., 1989) on full-length exon 1 (mRNA 
residues -51 to 104) support this assumption. Experiments 
to test these hypotheses are in progress. 

In summary, mRNA structure influences the affinity of 
antisense oligonucleotides by affecting association rates. In 
this hairpin system, with a big single-stranded loop, the stem 
structure reduced the affinity of oligonucleotides targeted to 
the stem. Surprisingly, targeting the single-stranded loop 
region did not always result in high affinity. Due to structure 
in the loop, targeting the 3' side of the loop was as ineffective 
as targeting the stem while targeting the 5' side of the loop 
resulted in affinity even higher than that for a single-stranded 
10-mer target. Due to the observed effect of loop structure 
on hybridization affinities, design of effective antisense 
oligonucleotides will require consideration of target tertiary 
as well as secondary structure. 
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(Barbacid, 1987). Presumably, inhibition of expression of 
the mutation-carrying gene is desired without affecting 
expression of the normal gene which is generally believed to 
be essential for cell survival. Therefore, directing oligonu- 
cleotides to mutations within the Ha ras mRNA may be 
desirable. 

We show here that targeting residues 33-43 of Ha-ray 
mRNA containing a codon 1 2 activating point mutation (GGC 
— GUC) should result in high affinity and therefore high 
antisense activity. The results suggest shifting the target site 
from residues 33-43 in cither direction should reduce affinity 
and therefore activity. Modeling suggests only 1 1 nucleotides 
of the loop are stacked; therefore, increasing the length of the 
antisense oligonucleotide above 1 1 may not increase activity. 
Experiments on the analogous fragment from wild-type Ha- 
ras mRNA show it too forms a hairpin structure with similar 
patterns of antisense binding (W. F. Lima, unpublished 
results). Thus, selective targeting of mutant over wild-type 
Ha -ras mRNA should be possible with an oligonucleotide as 
short as 1 1 nucleotides. These predictions assume in vivo 
binding to full-length ras mRNA (973 residues) follows 
patterns observed in vitro for the 47-mer fragment. Folding 
predictions (Jaeger etal., 1989) on full-length exon 1 (mRNA 
residues -51 to 104) support this assumption. Experiments 
to test these hypotheses are in progress. 

In summary, mRNA structure influences the affinity of 
antisense oligonucleotides by affecting association rates. In 
this hairpin system, with a big single-stranded loop, the stem 
structure reduced the affinity of oligonucleotides targeted to 
the stem. Surprisingly, targeting the single-stranded loop 
region did not always result in high affinity. Due to structure 
in the loop, targeting the 3' side of the loop was as ineffective 
as targeting the stem while targeting the 5' side of the loop 
resulted in affinity even higher than that for a single- stranded 
10-mer target. Due to the observed effect of loop structure 
on hybridization affinities, design of effective antisense 
oligonucleotides will require consideration of target tertiary 
as well as secondary structure. 
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